Dewetting of pulsed-laser irradiated, thin (< 20 nm), optically reflective metallic bilayers on an optically transparent substrate with a reflective support layer is studied within the lubrication equations model. A steady-state bilayer film thickness (h) dependent temperature profile is derived based on the mean substrate temperature estimated from the elaborate thermal model of transient heating and melting/freezing.
Dewetting of pulsed-laser irradiated, thin (< 20 nm), optically reflective metallic bilayers on an optically transparent substrate with a reflective support layer is studied within the lubrication equations model. A steady-state bilayer film thickness (h) dependent temperature profile is derived based on the mean substrate temperature estimated from the elaborate thermal model of transient heating and melting/freezing.
Large thermocapillary forces are observed along the plane of the liquid-liquid and liquid-gas interfaces due to this h-dependent temperature, which, in turn, is strongly influenced by the h-dependent laser light reflection and absorption. Consequently the dewetting is a result of the competition between thermocapillary and intermolecular forces. A linear analysis of the dewetting length scales established that the nonisothermal calculations better predict the experimental results as compared to the isothermal case within the bounding Hamaker coefficients. Subsequently, a computational non-linear dynamics study of the dewetting pathway was performed for Ag/CO and Co/Ag bilayer systems to predict the morphology evolution. We found that the systems evolve towards formation of different morphologies, including core-shell, embedded, or stacked nanostructure morphologies. studies of pattern formation in metal films have focused on the use of ion irradiation 15, 16 or pulsed laser irradiation [17] [18] [19] .
Laser-irradiation of metallic films exhibit a variety of spatio-temporal instabilities leading to formation of different nanomorphologies [20] [21] [22] [23] . The present paper is motivated by the recent experiments on dewetting of non-reactive, immiscible metallic bilayers done in our group 11 , and the need to better understand the physical mechanisms leading to spatial ordering of particles and the morphological pathways towards the final particle morphologies. The experimental [24] [25] [26] [27] [28] [29] [30] [31] and theoretical [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] studies of the instabilities and dynamics of bilayer thin films so far have been largely limited to aqueous and polymer systems under isothermal conditions. Non-isothermal dewetting even in such more conventional systems has not been fully investigated theoretically. Indeed, in Refs. 32, 33 the equation set that accounts for the Marangoni effect is derived, but only the analysis and some computations in the isothermal case are performed; and in Refs. [39] [40] [41] either a special set of Hamaker coefficients is considered, such that dewetting exhibits autophobic behavior, or in addition a longitudinal temperature gradient is considered.
Pulsed laser irradiation of single-layer metal thin films has been shown to introduce thermocapillary effects along the film -ambient surface and thus influence the pattern formation in single layer films 22, 42, 43 . The primary reason for the appearence of the thermocapillary effect is a non-trivial (i.e., non-linear) dependence of the temperature on film thickness, which is due to the thickness-dependent laser light reflectivity and absorption 22, 42 . In this work, for the first time, we show that similar thermocapillary effects appear in bilayer films irradiated by the laser. As a consequence, it is important to study the non-isothermal dewetting instability in order to better predict future experimental investigations of the morphology evolution. Therefore, in this work we explore theoretically and computationally the isothermal as well as non-isothermal instabilities and morphological evolution in laser-melted bilayers.
The paper is divided into major sections as follows. In Sec. II we detail the bilayer evolution equations and the thermal problem. The systems under consideration are metallic bilayers (of Ag/Co and Co/Ag) in contact with a transparent SiO 2 substrate formed on a reflective
Si support layer. We evaluated the steady state bilayer film temperature profile by utilizing the mean substrate temperature estimated from an elaborate thermal model of transient heating and melting/freezing. In Sec III, Linear stability analysis was performed to obtain the dewetting instability length scales for the isothermal as well as non-isothermal cases.
These results were compared to experimental measurements of length scales for the Ag/Co and Co/Ag bilayers presented in Ref. 11 . Previously, we found, using an energy rate analysis approach, that the experimental results could be bounded by theory predictions provided two sets of Hamaker coefficients were used. This was a consequence of the uncertainity in the Hamaker coefficient values and the different techniques used to calculate them. Here we followed a similar approach in the linear analysis. We found that the non-isothermal results were a better match to the experimental results as compared to the isothermal case.
Consequently, this motivated us to pursue the full non-linear evolution dynamics in the nonisothermal as well as isothermal cases. This work is presented in Sec. IV. The calculations were performed for the Ag/Co and Co/Ag systems as a function of the upper layer thickness.
We found differences in the morphological characteristics, including core-shell, embedded, or stacked nanostructure morphologies. In addition, we also found that for certain cases, the non-isothermal evolution predicts different morphologies from the isothermal case. These results are likely to be very useful towards guiding future experiments that investigate the correlation between morphology and physical characteristics.
II. PROBLEM STATEMENT A. Evolution equations for the bilayer
We consider a bilayer thin film, which is comprised of two superposed layers of immiscible Newtonian liquids, for instance the molten Co and Ag; see Fig. 1 . The lower layer rests on a solid, planar substrate (denoted by the subscript s hereafter) that has thickness h s , and the upper layer is in contact with the adjacent gas phase. The locations of the liquid-liquid and the liquid-gas interfaces are given by z = h 1 (x, t) and z = h 2 (x, t), respectively, where z, x are the vertical and the horizontal coordinates, respectively, with z = 0 corresponding to the location of substrate/liquid inteface. The bilayer is irradiated by a single pulsed laser beam, such that the pulse width typically is 10 ns, and the frequency of pulses is 50 Hz.
In the case of a single-layer film, dewetting has been successfully modeled as continuous in time by treating the film as liquid despite that it re-solidifies after each pulse. Thermocapillary effect owing to latent heat release is negligible due to extremely large cooling rates involved 19 ; the film cools down so fast that there is insufficient time for any morphology change 44 , and the next incident laser pulse effectively quenches in the film. The time and length scales involved and the resulting morphologies are captured very well by such models 19, 22, 43 .
In this paper we adopt the same strategy for the bilayer film modeling. Hereafter, a two-dimensional geometry is considered; thus we assume that liquid flow is negligible in the transverse direction.
The derivation of the evolution equations for the functions h 1,2 (x, t), describing the shapes of the two interfaces, is detailed in Ref. 34 in the isothermal case, and in Refs. 33, 39, 40 in the more general non-isothermal case characterized by the presence of thermocapillary (Marangoni)
forces. (Hereafter, the notation f α,β means f α , f β .) These derivations assume that the characteristic spatial scale in the x-direction is much larger than in the z-direction (layers are thin), so that the fluid flow in the layers is described by Stokes equations. The derivation procedure is routinely called the long-wave (or lubrication) approximation. A thorough discussions of the long-wave approach to the studies of the instabilities of thin liquid films can be found in the review papers [45] [46] [47] .
Here we start with the non-isothermal system of equations, where the thermocapillary effect is accounted for at the liquid-liquid and liquid-gas interfaces 32, 33, 39, 40 :
where P 1,2 are the pressures and σ 1,2 are the surface tensions of the liquid-liquid and liquid-gas interface, respectively. The quantities F ij and Φ ij , i, j = 1, .., 2 are given by:
where η 1,2 are the dynamic viscosities. The pressures are:
where ρ 1,2 are the densities, g is the acceleration of gravity, and Π 1,2 (h 1 , h 2 ) are the disjoining pressures, given by
Here, A g2 , A gs , A 2s are the Hamaker coefficients describing the long-range molecular repulsion or attraction, depending on the sign of a coefficient (see Tables II and III) , between the liquid-liquid and liquid-gas interface, solid-liquid and liquid-gas interface, and solid-liquid and liquid-liquid interface, respectively. S 1,2 < 0 are the spreading coefficients, describing the short-range molecular repulsion between the solid-liquid and liquid-liquid interface, and liquid-liquid and liquid-gas interface, respectively. ℓ 1,2 are the equilibrium cut-off distances.
The short-range repulsion between the solid-liquid and liquid-gas interface is not included.
Note that we include gravity terms in the pressures, since it has been shown that these terms may be important in a certain range of parameters 35, 41 .
The surface tension gradients, ∂ x σ 1 and ∂ x σ 2 , are caused by the gradients of the temperature at the liquid-liquid and the liquid-gas interface, respectively. We assume linear dependence of the surface tensions on temperature:
where σ
1,2 are the surface tensions at the corresponding melting temperatures T
1,2 . Since the temperatures T 1,2 will be shown to depend on the thicknesses of the layers, the surface tension gradients in Eqs. (1), (2) are written as
In order to close the equation set, we need the specification of the thermal problem. This is discussed in the next section.
B. Thermal problem
The steady-state, long-wave energy equations in the two metallic layers and in the thin, purely conductive substrate are 19,43
where κ 1,2,s are the thermal conductivities, C ef f is the effective heat capacity, δ 1,2 are the optical absorption coefficients, δ 2 J is the rate of the laser energy flux volumetric absorption into the upper layer, ρ s is the substrate density, and R (h 1 , h 2 − h 1 ) is the dimensionless effective reflectivity function, which has been calculated using the method decribed in detail in Ref. 48 (S. Yadavali and R. Kalyanaraman, in preparation.) Eq. (15) is the Beer-Lambert law for the bilayer. nm. The thickness of the SiO 2 substrate is taken as 400 nm, consistent with the experimental system 11 to which we will compare our calculations. The non-monotonic dependence of the reflectivity on thickness is clearly evident from either plot, as is the increase of reflectivity as the thickness of the top film approaches zero. This is the result of increased reflectivity from the underlying reflective Si layer. This thickness dependent absorption (Eq. (15)) and reflectivity are responsible for the strong dependence of the thermocapillary forces on the thicknesses h 1,2 .
The long-wave boundary conditions for the set (15), (16) are
where Θ a and Θ s are the (constant) gas and substrate temperatures, respectively, and α is the heat transfer coefficient at the liquid-gas interface.
The solution of this boundary-value problem in the liquid layers has the form
where c ij are the complicated functions of h 1,2,s , κ 1,2,s , δ 1,2 , J, α, Θ a , Θ s , which we obtained using the computer algebra system (CAS) (Mathematica). (In the substrate, the temperature is an increasing linear function of z, as is evident from Eq. (16) . Note that the temperature profile (21), (22) is nonlinear in z. In the absence of the thickness-dependent reflectivity and absorption, the interfacial temperature gradients ∂ h i T j in Eqs. (13) and (14) are constants rather than functions of h 1,2 (since in this case the temperature profile is linear in z with constant coefficients, as is encountered in films heated from the substrate 40 ).
In the above presented formulation the heat conduction in the thick Si support layer is disregarded, and the temperature at the SiO 2 /Si interface is set equal to the mean substrate temperature Θ s , estimated from the transient heating model for periods when the system is in the liquid state and for the typical values of the laser energy and the bilayer film thickness employed in this study (see Appendix). Θ s is obtained by averaging over many pulses the temperature rise and fall within the width of the Gaussian pulse. Practically, this formulation also makes feasible the numerical evaluation, at every step of interfaces evolution, of the complicated analytical solution formulas for the steady-state temperatures of the metal layers and for the derivatives of these temperatures with respect to thicknesses h 1 and h 2 . Note also, that even without accounting for the heat conduction in the support layer, this layer still exerts the important influence on the system's steady-state temperature field, since the effective reflectivity R is calculated for the full system metal 1 /metal 2 /SiO 2 /Si. Thus for sufficiently thick films τ H < τ D . In the bilayer system we expect similar general trend. Next we show that despite the typical temperature difference being small, the contributions from the thermocapillary surface tension gradient terms in the evolution equations (1) and (2) Section III for more details on the linear stability analysis.) It can be seen that for thin films -that are the sole focus of this paper -the thermocapillary surface tension gradient terms 3 and 4 are negative and thus stabilizing, and their magnitudes are of the same order as the magnitudes of the pressure gradient terms 1 and 2. Same can be said of the terms at the RHS of the first evolution equation (1) . Terms 3 and 4 are also negative for the parameters of the Co/Ag/SiO 2 /Si system. For thick films (h 20 > 32 nm for Ag/Co), these terms become positive and thus destabilizing. Thus the situation here is similar to the case of a singlelayer film; in Ref. 19 it is shown that Co films on the SiO 2 substrate are destabilized by the thermocapillary forces at thicknesses larger than roughly 10 nm. For bilayers of Ag/Co on SiO 2 /Si this threshold value is larger, possibly due to the reflectivity of the Si, which results in the distinctly different reflectivity curve of the system for small thicknesses.
Destabilization by thermocapillarity in thick Ag/Co films is manifested in the appearance of the secondary maximum on the linear dispersion curve at small wavenumbers. With the increase of h 20 , this maximum grows fast and soon the associated wavelength prevails. We call this effect the exchange of stability. Thus this kind of destabilization leads to a larger spacing between particles upon dewetting. In Co/Ag films, the exchange of stability emerges in thin films (see Fig. 7 ), but the nature of the exchange is connected to the change of the energetics of the intermolecular forces as thickness changes, and not to the thermocapillary destabilization. That is, thermocapillarity stabilizes thin Co/Ag films, just as it does stabilize thin Ag/Co films, as has been discussed.
C. Parameters
The typical values of the physical parameters for the Ag/Co/SiO 2 /Si and Co/Ag/SiO 2 /Si systems are shown in the and liquid 2 (Co)/gas interface (σ 2g = 1.88 J/m 2 ) are related as σ sg < σ 1g < σ 2g , while the Ag/Co/SiO 2 /Si system is similar to their case 4, since σ sg < σ 2g < σ 1g .
For convenience and ease of comparison with the results of the experiments we keep equations in the dimensional form. Another reason for working with the dimensional equations is that it is simply difficult to find convenient scales for the non-isothermal bilayer system (see Refs. 33, 35, 39, 43 ) and, no matter how the scales are chosen, due to the large number of physical parameters, the number of dimensionless parameters will still be very large. In this paper, since the material system is fixed from the outset, we study the impacts of four parameters only: the upper layer thickness h 20 − h 10 (where h 10 is fixed), and the two sets of Hamaker coefficients.
III. LINEAR STABILITY ANALYSIS
Problem (1) - (14), (21), (22) has a trivial, uniform equilibrium soultion h 1 (x) = h 10 , h 2 (x) = h 20 . We introduce small perturbations ξ 1 (x, t) = U(t) exp (ikx), ξ 2 (x, t) = V (t) exp (ikx) (where k is the wavenumber, and U(t), V (t) are the time-dependent small amplitudes) through h 1,2 (x, t) = h 10,20 + ξ 1,2 (x, t), and substitute the latter forms into the system (1) - (14), (21), (22) . Linearizing in U(t), V (t) gives the linear ODE systeṁ
where the coefficients a ij are the complicated functions (determined again with the help of the CAS) of k, h 10,20 , the Hamaker coefficients, and other physical parameters. Next, substitution of U(t) = u exp (ωt), V (t) = v exp (ωt) into the system (23), (24) results in the linear, homogeneous algebraic system for u and v:
The condition for existence of a non-trivial solution to this system is when the determinant of the system's matrix equals zero, which translates into the quadratic equation for the linear growth rate ω:
The latter equation may have two real and distinct solutions, one real solution, or two complex conjugate solutions. For the parameters of interest in this paper, only the first situation was ever found. In other words, only the monotonous modes of instablity were detected.
A. Ag/Co/SiO 2 /Si system
For the Ag/Co/SiO 2 /Si system one solution of Eq. (27), ω 1 (k), changes sign at a certain (single) value of k, and the second solution, ω 2 (k) is negative for all k. The typical dependence of ω 1 on k is shown in Fig. 5 . Such dependence, characterized by a single maximum, is typical of long-wave instabilities. The value of k which corresponds to the maximum point on the ω 1 (k) curve is the most dangerous (or critical) wavenumber of instability. The corresponding wavelength, λ = 2π/k max , can be observed in the experiment: it has been shown that λ is a quite accurate measure of the particle spacing in the dewetting experiments on thin metal films 17 .
The theory prediction of the particle spacings vs. the thickness of the top (Ag) layer are shown in Fig. 6 for the two sets of the Hamaker coefficients, and compared to the experimentally determined particle spacings (closed squares). The experimentally determined values were taken from Ref. (Table  I ). The upper and lower range of predictions of the non-isothermal pair are emphasized by the striped pattern. It can be seen that the non-isothermal calculation is a better overall predictor of the experimental data as compared to the isothermal case. In the simulations to be presented in Sec. IV we compare results from both sets of coefficients, because together they provide a better overall prediction over the entire range of film thickness studied.
In Ref.
34 the following criterion is suggested for the determination of the deformation mode type in the linear (small interface deformation) regime: if the ratio
is positive [see Eqs. (25) , (26)], then the deformation mode is bending, otherwise it is squeezing (see Fig. 1 ). We applied this criterion to the Ag/Co/SiO 2 /Si system under isothermal and non-isothermal conditions, and obtained the bending mode. This agrees fully with Ref. 34 .
B. Co/Ag/SiO 2 /Si system
For the Co/Ag/SiO 2 /Si system both solutions of Eq. (27) can change a sign at a certain (single) value of k (two-mode instability). However, the magnitude of the second solution, ω 2 (k), is much less than the magnitude of the first solution, and thus the critical wavelength is still determined by the first solution. The typical dependencies of ω 1 and ω 2 on k are shown in Fig. 7 . Note that the graph of ω 1 has both the relative and the absolute maxima; the critical wavenumber is one that corresponds to the absolute maximum. As the thickness of the top layer increases, the critical wavenumber approaches zero fast (thus λ increases), the more so if the exchange of stability occurs, in which case the critical wavenumber experiences a jump. For the upper layer thickness larger than 11 nm both solutions become negative.
Thus thick bilayers are linearly stable.
The graphs of the particle spacings vs. the thickness of the top (Co) layer are shown in Fig. 8 for the two sets of the Hamaker coefficients, and compared to the experimentally determined particle spacings (closed squares). The bottom layer (Ag) thickness was kept constant at 5 nm. As in Figure 6 , the non-isothermal and isothermal predictions for the two sets are shown, with the non-isothermal case emphasized by the striped pattern. Again, it can be seen that the non-isothermal calculation is a better overall predictor of the experimental data. One feature seen with the first set of the Hamaker coefficients (the isothermal case)
is the abrupt jump in λ from 184 nm to 1550 nm when h Co changes from 3 nm to 4 nm. This is due to the exchange of stability, signaling nearly the ten-fold decrease of the critical wavenumber. On the other hand, in the non-isothermal case the second maximum is always larger than the first one and no such abrupt growth of the wavelength occurs. Similar jump in λ, but of much smaller magnitude, occurs in the isothermal case also for the second set of the Hamaker coefficients.
The application of the criterion (28) to the isothermal and non-isothermal Co/Ag/SiO 2 /Si system indicates the squeezing mode of evolution (in the linear regime) for the first set of the Hamaker coefficients, and the bending mode for the second set.
IV. COMPUTATIONS OF THE BILAYER DEWETTING AND MORPHOLOGY EVOLUTION
Evolution equations (1), (2) were solved numerically using the method of lines. Integration in time is performed using the stiff ODE solvers RADAU or DVODE, whereas the discretization in space is carried out in the conservative form using the second order finite differencing with half-node interpolation, on a spatially uniform grid. 
Positive (negative) values of Q N L signal the occurrence of the bending (squeezing) mode.
Unlike the criterion (28), the measure (29) is applicable to nonlinear stages of the system evolution.
In all numerical experiments the initial bottom layer thickness h 10 is always 5 nm, and the initial top layer thickness h 20 −h 10 is varied (2 nm, 5 nm, 8 nm, and 11 nm for Ag/Co/SiO 2 /Si system; 2 nm, 5 nm, and 7 nm for Co/Ag/SiO 2 /Si system). Evolution in the non-isothermal systems is computed unless stated otherwise in the figure caption. As we discuss in the following sections, the final nanoparticle morphology can be classified as core-shell, embedded, and stacked structures, as shown in Fig. 9 . We loosely define the core-shell morphology as one, where the maximum deformations of the liquid/gas and liquid/liquid interfaces at the end of the run do not differ by more than 20%, and the embedded morphology as one, where this difference is larger. In both cases, the top layer of liquid has to "coat" the bottom layer, in other words, the bottom layer is not exposed to the ambient gas. Stacked morphology can be defined as the limit of core-shell morphology as the thickness of the coating layer tends to zero.
In order to check the code, we compared the instability growth rate from the computations in the early stages of the evolution, when the interfacial deformations are small, with the growth rate from the linear stability theory. Fig. 10 shows the comparison for the Ag/Co/SiO 2 /Si system and for two grid resolutions. Initially, interfaces are perturbed by a small random perturbation with the maximum amplitude A 0 = 0.1 nm. It can be seen in Fig. 10 that after very short initial transient when the random perturbation somewhat coarsens (not shown), the slopes of the numerical curves for both interfaces become very close to the slope (= max(ω 1 ), see Fig. 5 ) of the straight line (linear theory), and the match improves on finer grid. At later times, i.e. at larger interfacial deformations when the system enters the nonlinear regime, the numerical slopes start to deviate from the linear theory.
All film profiles were computed with increasing resolution until convergence to within 5%; this usually requires 300 -500 grid points -which is at the limit of our computing power, since resolving the temperature profile is very computationally intensive.
A. Ag/Co/SiO 2 /Si system
As can be seen from Figs. 11 and 12 the bilayer evolves in the bending mode for all times, and this is in agreement with the dynamics of polymer bilayer films in case 4 of Ref.
34
within the linear theory's criterion (28) . Also Q N L (Eq. 29) is positive at all times, except sometimes in the early stages of the evolution when the initial roughness starts to coarsen into the four-wavelength profile. After such profile is formed (which is, in fact, four core-shell particles -see Fig. 9 ), its amplitude increases until a wetting layer is formed through the repulsive interaction with the substrate. Then, the profile coarsens again until only one large core-shell particle remains. As an example, Fig. 12 show coarsening of the four-wavelength profile into a three-and two-wavelength profile. Note that in all cases the time scale of the formation of the four-nanoparticle array is of the order of the total irradiation time in the experiments, given that one considers consecutive laser pulses without time delay (that is, 10000 pulses × 10 ns (the duration of each pulse) = 10 −4 s).
As these Figures demonstrate, with the increase of the Ag thickness the evolution of the Ag layer slows down significantly, resulting, for the sufficiently large Ag thickness, in the formation of Co particles embedded in the Ag matrix. The transition from core-shell particles to embedded ones occurs for Ag layer thickness between 6 and 8 nm.
The nonlinear evolution in the isothermal case does not differ significantly from the just described non-isothermal evolution. That is, the bilayer evolves in the bending mode at all times and core-shell particles form for the Ag layer thickness less than 6-8 nm, while embedded Co particles form for the larger Ag layer thickness. Of course, in accord with the linear stability analysis, see Fig. 6 , the particle spacing (before coarsening occurs) is larger than in the non-isothermal case. Isothermal evolution is much slower than the nonisothermal one (Fig. 13) due to a capillary effect, i.e. the larger surface tensions (σ
1,2 ) compared to the non-isothermal one, Eqs. (11) and (12) . This is generic for all nonlinear examples in this paper.
For the first set of the Hamaker coefficients the solution starts in the squeezing mode as predicted by Eq. (28), and then either continues in this mode for a thin Co film, or passes through the several periods of bending before settling in the squeezing mode for the thicker Co film. Fig. 14 shows the film profiles for h Co = 2 nm and 5 nm. Fig. 15 shows the monitor function (29) for the latter case. It is clear from these figures that dewetting rate is significantly smaller than the rate of particle formation and coarsening, thus the Ag particles form on the surface of a thick Ag wetting layer, capped by the (almost planar) Co layer.
The resulting morphology falls into "embedded" class.
Under isothermal conditions the deformation mode is also squeezing for h Co = 2 nm (and the morphology is similar to Fig. 14(a) ), but for thicker Co film it is bending. However, there is no particle formation in this latter case, since the Co layer dewets much faster than the Ag layer, and the bilayer ruptures when the Co/air interface reaches the Ag/Co interface.
Such rupture can be prevented only by larger intermolecular repulsive forces between the interfaces; in this case, the rate of Co interface coarsening is much smaller than the rate of Ag interface coarsening, which results in multiple particles of Ag coexisting within the single particle of Co; this distinct embedded-type morphology is shown in Fig. 16(a) . When the interlayer repulsion is strong, same morphology occurs in the non-isothermal situation as well. Note that in agreement with the analysis of Bandyopadhyay et al 34 , no switching from bending to squeezing, or vice versa occurs in the isothermal situation.
For the second set of the Hamaker coefficients the evolution is entirely in the bending mode and is quite similar to the Ag/Co/SiO 2 /Si system. Fig. 16(b) shows one such morphology.
By comparing to Fig. 11(b) , one can notice that in the Co/Ag/SiO 2 /Si system much smaller particles are formed from the bottom layer material and the shell (the top layer material)
is thick at the top but very thin at the sides, while in the Ag/Co/SiO 2 /Si system it is the opposite. In the real physical system, one expects point rupture (for instance, due to thermal fluctuations) of the Co layer at the side wall of the Ag particle, which results in the stacked morphology.
V. CONCLUSIONS
In this paper, the nanostructure-forming dynamics in pulsed-laser irradiated Ag/Co and 
VI. APPENDIX
The process of bilayer heating due to repetitive laser pulses of nanoseconds duration is described in 2D by:
Here the source terms account for laser heating and melting/freezing, C p is the isobaric heat capacity, Q m is the heat of melting of thin metal layers, and dy i /dt is the rate of displacement of the solid/liquid interface located at y i . (y is the axis normal to the planar, fixed surface pointing inward the material.)
Q laser (y, t), the laser heating contribution, is given by
where R(y) is the thickness dependent reflectivity, and A is the absorption coefficient. Both the reflectivity and the absorption coefficients are calculated using the method described in Ref. 48 . The incident laser power has Gaussian distribution:
where δ (18 ns) is the time at which the maximum intensity is reached, σ (9 ns) is the width of the pulse, and E is the laser energy density in mJ/cm 2 . For the system given by film 1 /film 2 /SiO 2 /Si, the above heat equation was subject to the following boundary conditions:
(i) Sides are thermally insulated, and T (y = h Si , t) = T 0 , where h Si is the bottom of the substrate and T 0 = 300 K;
(ii) T (y, t = 0) = T 0 at all interfaces;
(iii) At interior boundaries/interfaces heat flow is taken as continuous (k y1 ∇T 1 = k y2 ∇T 2 );
(iv) Thermal radiation heat transfer at the top surface is neglected, as justified in Ref. 19 .
The results were computed using the finite element software (FLEX-PDE). (29) for the evolution in Fig. 14(b) .
